We review the main properties of the broad iron line of the Seyfert galaxy and present the latest results on its variability based on XMM-Newton observations. On a 10 ks time scale, the iron line appears to be almost constant during a normal flux state (2001 observation) despite changes by more than a factor 3 in the continuum. On the other hand, a correlation between line and continuum is found in 2000, during a low flux state of the source. Rapid line variability is indeed present, consistently with emission from the inner accretion disc region. Observational results are interpreted in terms of a light bending model that can explain what are otherwise puzzling properties of this source and is able to reproduce many of the observed properties. §1.
§1. Broad iron lines in active galaxies
This article reviews the broad iron emission line feature in active galaxies, particularly the Seyfert galaxy MCG-6-30-15, and its interpretation. A large part of the observational results from the XMM-Newton observations recollected here are presented in Ref. 1) . The reality of the relativistically broadened iron line emission in active galaxies have been debated since its discovery. 2) A large fraction of the accretion energy in black hole systems should dissipate at a few gravitational radii from the central hole, and X-ray emission in those systems is considered to have a direct link to it. Therefore, it would be natural to expect that their X-ray emission carries information on the relativistic region. If the broad iron line observed in a number of black hole objects, both stellar-mass black holes and active galaxies, is proved to be real, its implications for the black hole physics are notable, because it might be probing the relativistic region in the immediate vicinity of a black hole.
We focus here on the Seyfert galaxy MCG-6-30-15, the best-studied AGN in the X-ray band, and provide a few notes on the X-ray iron line feature. Recent high resolution studies of X-ray spectra of AGN have shown that a narrow iron line at 6.4 keV, which is unresolved at the CCD spectral resolution and originates from distant material, has an important contribution to the total line profiles in some objects. This is, however, not the case for MCG-6-30-15, as discussed by a number of previous papers, and its line core is well-resolved.
Further to the earlier investigations presented in Ref. 3) , the high quality XMMNewton data of MCG-6-30-15 are examined with various alternative spectral models in Ref. 1) with the conclusion that a relativistic line still gives the most plausible explanation for the spectral feature. A partial covering model, one of the hardest models to rule out, has been tested using the 2000 XMM-Newton observation combined with a simultaneous RXTE observation. 4) The model is ruled out because of the incompatibility with the data at higher energies obtained from the RXTE PCA. High resolution spectral studies of the RGS data in the soft X-ray band allow a complex ionized absorber model to be built 5) (see also Ref. 6) for the Chandra in the ratio form against the best-estimated continuum including the latest warm absorber model.
1), 5)
HETG results and Ref. 7) for an alternative view of the soft X-ray spectrum). The inclusion of the latest modelling of the absorption will reduce the strength of the red wing of the iron line profile which was published before, 8) yet removing all the extended red wing appears to be difficult ( Fig. 1) . A very centrally concentrated disk emissivity is required to explain the shape of the line profile, 8), 9) which leads to the requirement of a spinning black hole in support of previous suggestions. 10), 11) If this is the case, some extreme relativistic effects at a few gravitational radii must be taken into account to understand the behaviour of the iron line, as discussed in the latter part of this article. §2. Lack of correlated change of the line and continuum However, the variability of the line poses a puzzle: despite the strong X-ray variability, the line flux remains more or less constant, 12), 13) which contradicts a naive expectation from the reflection model for the iron line production. The lack of response in the line to the continuum variations has been demonstrated by showing that RMS variability in the Fe K band is suppressed relative to the continuum ( Fig.  2 ; see also Ref. 14)). Spectra obtained from ten flux slices of the 2001 XMM-Newton observation also suggest the stability of the line flux against the variable continuum (Fig. 2) . §3. Two-component modelling In order to explain, at least phenomenologically, the stable iron line and also the continuum slope changes as a function of source flux, a two-component model has been proposed. 13) Analysis of soft and hard bands flux correlation diagrams for the RXTE and XMM-Newton datasets shows a good linear correlation with an offset in the hard band. 1), 15) The linearity implies that the variable component maintains its shape while the offset suggests the presence of a fraction of the hard band flux that stays constant regardless the total flux changes, in support of the two-component model. The two spectral components were identified with a variable, featureless powerlaw and a stable reflection-dominated component (see Ref. 1)), as illustrated in Fig.  3 . This model successfully reproduces XMM-Newton spectra taken at 10 ks time intervals, in which normalization of the power-law varies by more than a factor of 3 while the reflection-dominated component remains almost stable. It is, however, noted that the reflection-dominated component has to be allowed to vary its normalization by a small amount (up to 25 per cent) to obtain acceptable fits. Since the iron line must be associated with the reflection component, this two-component model can account for the observational behaviours of the line flux as well as of the spectral slope. Further work is therefore needed to provide a physical interpretation for the two-component model, which will be described later in this article. §4. Rapid line flux variability
In the context of the reflection model, a naive expectation is that the iron line should respond to the continuum variation. A time lag expected for the line is too short (less than a few hundred seconds) to detect with the present X-ray telescopes for the given black hole mass (10 7 M or less). Indeed, there are some broad iron line AGN which show correlated changes between the line and continuum at least on a time scale of months to years, e.g., IRAS 18325-5926. 16) However, as mentioned above, the best studied AGN, MCG-6-30-15, shows little sign of correlated changes to the continuum, although the line has been observed to change its flux and shape at some occasions 10), 17), 18) and evidence of significant variability albeit with no correlation with the continuum has been reported. 19) A recent analysis of the earlier 2000 XMM-Newton observation, when the source is in a low state, shows that the line flux appears to be correlated with the continuum. 4) Previous line variability studies have been carried out at time resolutions of 10 ks or longer. In MCG-6-30-15, significant X-ray variability still exists within that time scale. Given the evidence for rapid line variations observed previously, which might be sporadic events, and the large throughput of XMM-Newton, it is worth exploring line variability study at a finer time resolution. With the EPIC pn detector, we found that the continuum can be determined accurately at a 1000-s time resolution (a ∼ 700 s exposure) so that reliable line flux measurements can be obtained for the brightness of MCG-6-30-15.
A conventional technique for obtaining line flux involves a spectral fit with a model of the continuum and line (e.g., diskline model). However, since there is no guarantee that the line profile maintains its shape, a number of parameters for the line shape may need to be left free, which complicates the analysis and possibly leads to incoherence in obtained results. Departing from the conventional technique, we use a spectral fit only to subtract the continuum, and measure line flux at certain energy bands by counting excess counts corrected for the detector response above the continuum. This method is at least free from line modelling, and only uncertainty is the counting statistics apart from the accuracy of continuum subtraction. Details of the procedure are described in Iwasawa et al. 20) An example of the excess count distribution on the time and spectral-energy plane is shown in Fig. 4 . Three line bands are defined as "Red wing" (4.4-6 keV), "Blue core" (6-6.8 keV) and "Whole line" (4.6-7 keV). The light curves of the excess emission in the three line-bands along with the total 2. This line flux measuring method has been tested for its validity. The Γ -f X diagram shows a trend which has been found in the previous studies (e.g., Ref. 13)), confirming that the continuum slopes are determined reasonably well hence its subtraction should be good. Possible light curve dependency of measured line flux and The model will be then applied to MCG-6-30-15 and to the Galactic black hole candidate XTE J1650-500.
Model assumptions
We assume that a primary source of X-rays is centrally concentrated near the axis of a Kerr black hole and illuminates both the observer at infinity and the accretion disc, producing a reflection component. For simplicity, only results for a source at 2 r g from the axis are presented. Our results are expected to be (at least qualitatively) applicable to cases were a centrally concentrated primary source of X-rays can be inferred from the data (e.g. from the presence of a steep emissivity profile on the disc, a broad iron emission line and/or an inner disc reflection component, as it is the case for MCG-6-30-15). More information on the model assumptions and results are given in Ref. 23 ). We also assume the presence of a central maximally rotating Kerr black hole and of a geometrically thin accretion disc which lies in the hole equatorial plane and extends down to the marginal stable orbit.
A sketch of the geometry of the model is shown in the left panel of Fig. 7 . The primary source S emits isotropically in its rest frame with a luminosity described by a power-law. A fraction of the radiation emitted by the primary source directly reaches the observer at infinity and constitutes the direct continuum which is observed as the power-law component (PLC) of the spectrum. The remaining radiation illuminates the accretion disc (or is lost into the hole event horizon). The radiation that illuminates the disc is reprocessed into a reflection-dominated component (RDC), here represented by the Fe line (see discussion below).
The primary source S is assumed to be corotating with the underlying disc; since our present instruments such as Chandra and XMM-Newton can extract meaningful spectral information only integrating over many orbital revolutions at 2 r g from the axis (where we locate the primary source S), any information on the azimuthal position of the source will be lost in the data. Thus, we averaged out the azimuth dependence in our computations, so that the primary source has actually a ring-like the primary source S that reach infinity, the disc, or that either reach the disc or are lost into the event horizon as a function of the source height.
geometry. Hereafter, as already mentioned, the Fe emission line will represent the whole RDC of the spectrum. A precise definition of the RDC should clearly include the reflection continuum and not only the Fe line. However, we are here interested in the variability properties and correlations between the PLC and RDC from the accretion disc. Since Fe line emission and (disc) reflection continuum are different aspects of the same phenomenon, it is expected that they vary together (if the ionization state of the disc surface does not change dramatically). Thus, we believe that, as far as variability and correlation properties are concerned, the study of the Fe line provides an excellent approximation to the variability of the whole RDC from the disc.
Variability induced by light bending
The uncorrelated variability of the RDC, and most remarkably of broad Fe lines, represents a problem that is not easily addressed by current models of disc reflection. Moreover, the two-component model (discussed in the first part of this article) that so well explains the 2001 normal flux state observation of MCG-6-30-15 is a phenomenological model and a physical interpretation is still lacking. Here we explore the possibility that general relativistic effects in the vicinity of the central black hole provide the missing link with the underlying physical mechanism.
In the standard picture of disc reflection models, roughly half of the primary emission reaches the observer as the direct continuum (or PLC), while the remaining half illuminates the disc, is reprocessed, and is detected as the RDC of the spectrum. If the intrinsic luminosity of the primary source changes in time, so do the PLC and the illumination of the disc, implying that any RDC, including the Fe line from the disc, has to respond to the continuum (PLC) variations. The reason is that the flux that illuminates the disc is correlated with the PLC because both vary according to intrinsic luminosity changes. Here we adopt a different point of view that is able to disconnect the illumination of the disc (which drives the RDC and Fe line variability) from the PLC observed at infinity and thus can produce uncorrelated variability. We assume that the primary source has constant intrinsic luminosity and that the observed variability is induced by gravitational light bending of the primary radiation as the height of the primary source above the disc changes. 24), 25) The variability induced by light bending is demonstrated in the right panel of Fig. 7 where the fraction of primary photons that reach infinity, the accretion disc, or the either reach the disc or are lost into the black hole event horizon is shown as a function of the height of the primary source. At large heights, where light bending is largely negligible, half of the primary emission reaches infinity and half the disc, as in the standard picture of disc reflection models. However, as h s decreases, less and less photons are able to escape the strong gravitational potential of the central black hole and more and more are bent toward the disc. The result is that changes in h s induce strong variations of both the direct continuum observed at infinity and the flux illuminating the disc. Moreover, these variations are decoupled and uncorrelated so that we expect uncorrelated variability between the RDC from the disc (and the Fe line) and the direct PLC.
In the left panel of Fig. 8 we show the PLC and the RDC flux (represented by the Fe line) as well as the Fe line EW as a function of the source height for an observer inclination of i = 30 • (relevant e.g. for MCG-6-30-15). The PLC flux is clearly correlated with h s so that low flux states (low PLC) correspond to low source heights. As h s changes, large variations of the PLC are produced, while the RDC varies with much smaller amplitude. As an example, for 1 r g < h s < 20 r g , the maximum variation induced by light bending is about a factor 20 for the PLC and only a factor 2.6 for the RDC.
The Fe line EW is almost always anti-correlated with h s , and thus with the PLC as well. It can be almost constant only during very low PLC flux states, at very low h s . As already mentioned, we neglect here the reflection continuum; although this does not affect the variability analysis (because the RDC from the disc has to vary together with the Fe line), the actual value of the line EW is affected. The main effect of the reflection continuum is that the EW will saturate at larger heights than shown in Fig. 8 . This is because as the source height decreases and the PLC flux gets lower, the spectrum becomes reflection-dominated and thus, since Fe line and reflection continuum do vary together, the Fe line EW is asymptotically constant as the PLC flux drops. The fact that the spectrum becomes more and more reflection- dominates as h s decreases is illustrated in the right panel of Fig. 8 where we plot the reflection fraction R as a function of h s . At large heights R = 1, reflecting the fact that the primary emission is equally distributed between infinity and accretion disc. As h s decreases, R increases reaching a maximum value of about 5. Notice that here we define R as the ratio between the solid angle subtended by the primary source at the disc (Ω disc ) and at infinity (Ω ∞ ). The anisotropy ratio Ω/2π can be obtained from R through the approximate relation Ω/2π 2R/(1 + R).
The correlation between the Fe line and the direct PLC is shown in Fig. 9 (left panel) and allows to define three different regimes (I, II, and III corresponding to labels in the Figures). In the right panel of Fig. 9 we show the typical emissivity profile on the accretion disc in the three different regimes which is close to a broken power law, steeper in the inner disc and flatter in the outer. The following discussion defines the regimes and their properties and refers to Figs. 8 and 9.
• Regime I: In this regime the PLC flux is very low and the spectrum is reflection-dominated. The Fe line flux is correlated with the PLC and the Fe EW is almost constant (see above discussion on the impact of the reflection continuum). The emissivity profile is very steep, especially in the inner disc regions and, as a result, the Fe line profile is very broad. 
MCG-6-30-15: normal and low flux states with XMM-Newton
In the latest XMM-Newton observations, the broad Fe line of MCG-6-30-15 correlates with the continuum in low flux states and saturates to constant as the flux gets higher despite large changes of the continuum (factor 4). The line EW is thus almost constant in low flux states and anti-correlated with the continuum in normal flux states. Moreover, the Fe line profile is generally broader in lower than higher flux states (see e.g. Ref. 10)), the reflection fraction seems to be higher in low flux states and the emissivity is well described by a broken power law, steeper in the inner disc and flatter in the outer. All these properties can be successfully explained by the light bending model if low flux states correspond to regime I, while slightly higher (i.e. normal) flux states correspond to regime II. We also stress here that the line profile during the long XMM-Newton observation of MCG-6-30-15 in its 2001 normal flux state is well described by theoretical profiles obtained during regime II. 22) 
Three BeppoSAX observations of XTE J1650-500
Our model for the X-ray variability can in principle be applied to active galaxies as well as to Galactic black hole candidates (GBHCs). Strong and broad Fe lines have been found in several GBHCs, some of which suggest high black hole spin. In particular, in the cases of GX 339-4 and XTE J1650-500 the Fe line is associated with a steep emissivity profile and a small inner disc radius, 26), 27) suggesting that these sources may be used to test our model on stellar-mass black holes. A recent analysis 28) of three BeppoSAX observations of XTE J1650-500 during the evolution of its 2001 outburst reveals that the variability of the broad Fe line with respect to the observed PLC matches well the predictions of the light bending model (see Fig. 10 ). The Fe line appears to be almost constant at high PLC flux, while it is correlated with the PLC as the flux drops. Moreover, thanks to the broadband coverage of BeppoSAX, the RDC variability has been studied up to 200 keV revealing that the spectrum becomes more and more reflection dominated as the PLC flux drops, as expected in our model (see Fig. 8 ). Three observations are probably not enough to establish the variability properties of the Fe line with high significance, but the same qualitative behaviour of the Fe line vs the PLC is also found in the long-term monitoring campaign of the same outburst with RXTE using 176 pointed observations. 29) The Fe line vs PLC variability can be naturally explained in terms of our model if a transition between regimes II and I occurred during the outburst evolution.
